Abstract. We have studied the electronic structure of the quasi-one-dimensional organic conductor TTF-TCNQ by angle-resolved photoelectron spectroscopy (ARPES). The data reveal significant discrepancies to conventional band theory. Instead the experimental dispersions can be quantitatively reproduced by the one-dimensional (1D) Hubbard model, if one allows for a surface-enhancement of the hopping integral induced by a relaxation of the tomost molecular layer. The TCNQ-related conduction band is thus found to display spectroscopic signatures of spin-charge separation on the energy scale of the band width. In contrast, the TTF-derived band seems to be only weakly correlated, at variance with other findings. The important role of electronic correlations in this material is further corrborated by a peculiar temperature dependence of the spectra. While the 1D Hubbard model thus yields a good description at finite excitation energies, it fails concerning the low-energy spectral behavior, most likely due to the additional importance of strong electron-phonon interaction and interchain electronic hopping on small energy scales.
INTRODUCTION
In conventional metals the effect of electron-electron interaction on the dynamical properties of the conduction electrons can be absorbed into a quasiparticle description of the low-lying excitations, leading to the Fermi liquid paradigm. In contrast, this picture no longer works for one-dimensional (1D) metals. It can be shown that spin and charge degrees decouple from each other in 1D electron systems and give rise to a new low-energy phenomenology, referred to as Tomonaga-Luttinger liquid (TLL) [1] . Experimentally, the search for TLL behavior has so far been directed at low energy properties. However, recent theoretical treatments of the 1D Hubbard model suggest that signatures of spin-charge separation may occur even on finite energy scales [2] . Here we report on angle-resolved photoelectron spectroscopy (ARPES) on the quasi-1D organic conductor TTF-TCNQ [3, 4] , whose known properties make it an interesting candidate to test these predictions [5] .
EXPERIMENTAL DETAILS
Technical details of the ARPES experiments are described in Refs. [3] and [4] . As ARPES is a very surface-sensitive method, atomically clean surfaces have been prepared by cleavage in ultrahighvacuum. Great care was taken to monitor surface quality and possible radiation damage during the experiment [6] . We also note that all experiments were performed above the Peierls temperature of TTF-TCNQ. The resulting ARPES spectra essentially reflect the k-resolved electron removal spectrum A < (k, E). Fig. 1 shows typical ARPES spectra with wavevector k probed parallel and perpendicular to the stacking direction of the planar TTF and TCNQ molecules, which is identical with the easy transport axis. While parallel to the 1D axis the spectral features clearly move in energy, virtually no effects are seen upon varying k in the perpendicular direction. This directly reflects the strongly anisotropic k-space dispersion of the conduction band states, consistent with the huge anisotropy observed in the conductivity [5] .
RESULTS AND DISCUSSION
In Fig. 2 we give a different representation of the ARPES data along the 1D axis, which allows to trace the energy-vs.-momentum dispersion more easily. From band structure calculations within densityfunctional theory (DFT) we attribute the structures at k 0.25 Å −1 to the TCNQ molecular stacks, whereas the parabolic band centred about the Brillouin zone edge (Z point) is assigned to the TTF stacks [3, 4] . A more detailed comparison however reveals strong discrepancies between band theory and experiment [3, 4] . First of all, the experimental widths of both TTF-and TCNQ-derived bands are found to be about twice as large as those obtained by the DFT calculation. Keeping in mind the extreme surface sensitivity of ARPES this could be explained by a structural relaxation of the topmost molecular layer, resulting in an increased tilt angle of the molecules relative to the 1D axis and thus leading to enhanced hopping along the molecular stacks [4] . But even if accounted for a surface renormalization of the band width, the DFT calculations still fail to reproduce the topology of the TCNQ dispersions. The failure of band theory points to the important role of electronic correlations in TTF-TCNQ [5] . Therefore, in Fig. 2 we have also included results obtained for the 1D Hubbard model. The solid curves represent the dispersions of the singularities in the k-dependent electron removal spectrum calculated within the Bethe ansatz [2] . As is clearly seen, the model can fully reproduce the experimental dispersions for a suitable choice of the model parameters U (intramolecular Coulomb energy) and t (intermolecular hopping integral). The Hubbard model dispersions can be well understood as a consequence of spin-charge separation. A hole generated by the removal of an electron (as in a photoemission process) fractionalizes into decoupled collective charge ("holons") and spin ("spinons") excitations, among which energy and momentum of the hole are distributed. The dispersing features in the electron removal spectrum reflect the singular phase space for two limiting situations: the "spinon" carrying all momentum and energy with the "holon" residing at its chemical potential (spin branches s and s" in Fig. 2) , and vice versa (charge branches c, c', and c").
For the TCNQ band the Hubbard model description assumes a band filling of n = 0.59 [5] and yields best agreement with experiment for U/t = 4.9, with t again doubled with respect to its bulk estimate (derived from the DFT band width W = 4t) due to the proposed surface relaxation. In this interpretation the shallow band near the Fermi level reflects the "spinon" dispersion s, while the characteristic "X"-shaped dispersion at finite energies (Fig. 2) can be assigned to the c and c' parts of the charge branch in the Hubbard model spectrum. For the volume electronic structure the characteristic ratio U/t translates into a value of ≈ 11, assuming that U as an intramolecular property does not vary much between surface and bulk and taking t from the DFT band width. According to the Hubbard model analysis the conduction electrons in the TCNQ stacks are hence found to be strongly correlated.
In contrast, the experimental dispersion of the TTF band shows no unusual behavior except for the enhanced band width. The 1D Hubbard model would predict for this band (with occupation n = 1.41) a gap at k = π − k F between a spin (s") and a charge (c") branch (cf. Fig. 2 ), whose size depends exponentially on U/t. However, the ARPES data give no evidence for such a gap within experimental resolution, leading to an estimate of U/t < 0.2(0.4) for the surface (volume) and hence implying only weak coupling. While this result would be consistent with the temperature-independent (i.e., Pauli-like) spin susceptibility determined for the TTF chains [7] , it seems to be at variance with the observation of 4k F charge density fluctuations localized on the TTF stacks [5, 8] . The latter has traditionally been interpreted as signature of strong long-range Coulomb interaction [8] . In terms of a Hubbard model description, the non-locality would require the inclusion of at least an additional nearest neighbor interaction term into the Hamiltonian. Unfortunately, the calculation of reliable spectral functions for an extended Hubbard model is presently still out of reach. Preliminary results from exact diagonalization of small finite systems [9] suggest however that the effect of non-local interaction on the finite energy dispersions is not as dramatic as would be required to resolve this puzzle. Clearly, more theoretical work is necessary at this point.
In return, the absence of 4k F fluctuations on the TCNQ stacks [5] justifies the use of a Hubbard model with only on-site interaction. The strong correlation effects found here are further supported by a very unusual temperature dependence of the ARPES spectra. Raising the temperature from 60 K (i.e., just above the Peierls transition) up to room temperature a considerable amount of spectral weight becomes shifted from the "spinon" peak (s) near the Fermi level to the bottom of the "holon" band (c'), i.e. on an energy scale of the total bandwidth [3, 4] . Such behavior can not be accounted for by conventional electron-phonon interaction, which affects the spectra only on the much smaller thermal energy scale. It is however very reminiscent of the spectral weight transfer predicted for a 1D tJmodel [10] , which is the strong coupling limit of the Hubbard model. Corresponding calculations for intermediate coupling strength do not exist so far.
We finally address the low-energy behavior of the spectra. In a genuine TLL the k-integrated spectrum follows a E α power law near the chemical potential. It has been shown that for a Hubbard model with only local interaction α = 1/8 [1] . Experimentally, a power law with such a low exponent would practically be indistinguishable from a conventional metallic Fermi edge. Our ARPES data however show a considerable suppression of spectral weight towards the Fermi level (cf. Figs. 1 and 2) , which is almost linear in energy, i.e., α ≈ 1 (for both k-resolved and k integrated spectra). This failure of the 1D Hubbard model indicates the additional importance of interchain coupling and/or non-local interactions (which can generate larger exponents) at low excitation energies. Even more important may be the effect of strong electron-phonon coupling in this organic compound.
In conclusion, the electronic structure of the quasi-1D organic conductor TTF-TCNQ as probed by ARPES deviates strongly from a conventional band structure picture. When accounted for the effects of a possible surface relaxation, the finite energy dispersions can be consistently and even quantitatively explained by the single-particle spectrum of the 1D Hubbard model. This interpretation is further supported by the unusual temperature-dependence of the spectra. In particular the TCNQ-derived conduction band thus displays spectroscopic signatures of spin-charge separation on an energy scale of the band width. Open questions concern the low U/t ratio found for the TTF-band and the low-energy spectral behavior, which points to the additional importance of strong electron-phonon interaction.
